Introduction
T-cell exhaustion, defined as the progressive loss of functions caused by ongoing antigen exposure, is a major factor leading to defective pathogen clearance in chronic viral infections. 1, 2 Studies in the murine lymphocytic horizomeningitis virus (LCMV) model identified programmed death-1 (PD-1) as a critical mediator of this immune impairment. 3, 4 Blockade of the PD-1 pathway is considered a promising approach in both infectious diseases and cancer, 5, 6 as illustrated by studies in SIV-infected macaques. 7, 8 PD-1 is a member of the B7:CD28 family that has 2 ligands: PD-L1 (B7-H1, CD274) and PD-L2 (B7-DC, CD273). PD-1 inhibits T-cell activation by interfering with T-cell receptor signaling [9] [10] [11] and by up-regulating the transcription factor BATF. 12 Several studies have shown that PD-1 inhibits HIV-specific T cells in humans. The majority of these reports focused on cytotoxic T lymphocyte (CTL) responses, [13] [14] [15] [16] and less is known on the role of PD-1 in HIV-specific T helper impairment. 14, 17, 18 Studies in animal models and humans suggest that CD4 T-cell help is important for immune control of HIV replication. [19] [20] [21] [22] PD-1 is up-regulated on HIV-specific CD4 T cells, 17, 18 and its expression correlates with viremia. 17 Blockade of the PD-1 pathway with a PD-L1-blocking antibody increased HIV-specific CD4 T-cell proliferation, with significant variability among the small cohorts of subjects investigated. 14, 17, 18 An important unresolved issue is whether the effect of PD-L1 blockade is limited to increased expansion of virus-specific CD4 T cells or also leads to qualitative changes in CD4 T-cell function independent of cell proliferation. In the perspective of potential therapeutic interventions targeting the PD-1 pathway, the categories of subjects probable to respond to PD-L1 blockade by improved HIV-specific CD4 T-cell function need to be defined. It is crucial to determine the impact of blockade of the PD-1 pathway in persons with suppressed viral load (VL) on antiretroviral therapy (ART), which corresponds to the aim of current clinical care.
To define the role of the PD-1 pathway in HIV-specific CD4 T-cell impairment, we examined the impact of PD-L1 blockade on several T helper functions in different cohorts of HIV-infected subjects. Our results show that anti-PD-L1 not only improves CD4 T-cell proliferation, but also enhances effector CD4 T-cell responses by increasing secretion of cytokines produced by distinct T helper subsets. Although the impact of PD-L1 blockade in vitro correlates with VL in vivo, inhibition of the PD-1 pathway still significantly enhances cytokine secretion, but not proliferation, in most persons with controlled viremia. Within the same subjects, abrogation of the PD-1 signal increases cytokine secretion by CD4 T cells presenting a wide range of PD-1 levels. HIV-specific CD4 T cells show higher PD-1 expression than HIV-specific CTLs in the same persons but strikingly lower levels of the coinhibitory molecules 2B4 (CD244) and CD160. These findings illustrate differences in the coregulation of molecules associated with exhaustion between 2 arms of the adaptive cellular immune response. Our results suggest that PD-1 blockade with or without vaccine administration may have a role in HIV infection, even if viral replication is optimally controlled by ART. The online version of this article contains a data supplement.
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Methods

Human subjects
Peripheral blood was obtained from HIV-infected persons at the Massachusetts General Hospital, Boston. Untreated chronic progressors (CPs) were defined as persons with VL between 2000 and 150 000 RNA copies/mL. Treated persons were patients on ART with VL Ͻ 50 RNA copies/mL (ART-controlled [ARTC]). Elite controllers (ECs) were defined as persons with VL Ͻ 50 copies/mL in the absence of ART. Viremic controllers (VCs) were defined as untreated subjects with a VL Ͼ 50 and Ͻ 2000 copies/mL. The MGH Institutional Review Boards approved these studies, and blood was collected from enrolled subjects after written informed consent was obtained in accordance with the Declaration of Helsinki. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density centrifugation.
Quantitation of cytokine production by quantitative RT-PCR and Luminex arrays
To assess cytokine production by HIV-specific CD4 T cells, 10 6 CD8 T cell-depleted PBMCs (RosetteSep CD8 depletion reagents, Stem Cell Technologies) were incubated with an HIV Gag peptide pool (1 g/mL/peptide), or left unstimulated in the presence of PD-L1 blocking antibody (clone 29E.2A3, 10 g/mL 23 ) or IgG2b isotype control. For kinetic analysis of cytokine mRNA production and protein secretion, cell pellets and supernatants were collected at specified time points.
For assessment of the transcriptional regulation of IL-2, IL-13, IL-21, and IFN-␥ in response to PD-L1 blockade, cDNA was synthesized (Promega) after RNA extraction (RNeasy Mini kit, QIAGEN) according to the manufacturer's instructions. Quantitative PCR (Stratagene MX3005P, Agilent Technologies) was performed as described 24 (supplemental Table  1 , primer sequences; available on the Blood Web site; see the Supplemental Materials link at the top of the online article). Cytokine secretion was measured in supernatants using the Milliplex High sensitivity Kit (Millipore) on a Bio-plex 200 (Bio-Rad).
Proliferation assays
Proliferation of CD4 T cells was assessed by CFSE assay on CD8-depleted PBMCs. 18 PBMCs were labeled with 1.25M CFSE dye (Invitrogen) and incubated with either 10 g/mL PD-L1 blocking antibody or isotype control. Cells were either left unstimulated or incubated with recombinant HIV p24 protein (5 g/mL; Protein Sciences). After 7 days of incubation, cells were stained with antibodies against CD3, CD4, and CD8 (BD Biosciences PharMingen) and analyzed by flow cytometry (LSRII; BD Biosciences).
Intracellular cytokine staining and phenotyping
Two panels of antibodies were used to phenotype HIV-specific T cells identified by intracellular cytokine staining (ICS). 18 The first panel was used to assess PD-1 expression among different cohorts of HIV-infected persons, and the second panel was used to determine coexpression of inhibitory receptors. PBMCs were incubated for 6 hours (first panel) or overnight (second panel) with an HIV Gag peptide pool, or a cytomegalovirus (CMV) lysate and CMV pp65 peptide pool in the presence of 5 g/mL brefeldin A. Unstimulated cells were used as a control. Cells were then stained with blue viability dye (Invitrogen) and fluorescent antibodies against CD14 and CD19 (excluded populations), CD3, CD4, CD8, PD-1 (clone EH12.2H7; BioLegend), and, for the second panel only, antibodies against 2B4 (clone C1.7; BioLegend), CD160 (clone BY55; BioLegend), and LAG-3 (polyclonal antibody; R&D Systems). After fixation and permeabilization (Fix and Perm kit; Invitrogen), cells were stained with anti-IL-2 and anti-IFN-␥. All antibodies were from BD Biosciences unless otherwise stated. Cells were acquired on an LSR II (BD Biosciences) for the first panel and an LSR Fortessa cytometer for the second panel. Fluorescence minus one staining was used to define the cut-off for positivity.
Combined CFSE and ICS assays with PD-L1 blockade
A total of 2 million CD8-depleted PBMCs were stained with CFSE and stimulated with HIV Gag peptide pool in the presence of blocking anti-PD-L1 antibody (10 g/mL) or isotypic control. Cells were collected at 48, 72, and 96 hours after stimulation, stained with a dead cell dye and antibodies against CD14, CD19, CD3, CD4, CD8, IFN-␥, and IL-2 following the ICS procedure described in "Intracellular cytokine staining and phenotyping" and acquired on an LSR Fortessa.
PD-L1 blockade on sorted CD4 T-cell subsets expressing different PD-1 levels CD8-depleted PBMCs were treated with anti-PD-L1 antibody (10 g/mL) or isotypic control and stimulated with HIV Gag peptide pool (1 g/mL/peptide). After a 16-hour incubation, cells were stained with anti-PD-1 (BioLegend) and a lineage exclusion channel (CD8, CD14, CD19, and CD56). CD4 T cells were defined as lineage-negative cells in the lymphocyte gate. Subsets of CD4 T cells identified by PD-1 level as PD-1 low , PD-1 intermediate , and PD-1 high were live-sorted (FACSAria; BD Biosciences). The same numbers of cells were incubated at an equal concentration for 48 hours before measurement of cytokines in supernatants by Luminex assays.
Statistical analysis
Flow cytometric data were analyzed with FlowJo Version 7.5.5 (TreeStar). Statistical analyses were performed using Prism Version 4.0 (GraphPad). Pair-wise comparisons for cytokine secretion were verified using the Wilcoxon matched-pairs test. Comparisons of cytokine secretion or PD-1 expression among cohorts were made using the Kruskal-Wallis and Dunn post-test. Distribution of PD-1 expression (mean fluorescence intensity) among groups was analyzed with analysis of variance and Tukey post-test. Correlation coefficients were calculated using the Spearman rank-sum test. We used repeated-measures analysis of variance and Tukey posttest to compare expression of inhibitory receptors among either the CD4 or the CD8 T-cell populations. Comparison of inhibitory receptor expression between the CD4 and CD8 T cells as well as between the HIV-and CMV-specific cells in the same persons was performed using Wilcoxon matched-pairs test. All tests were 2-tailed, and P values Ͻ .05 were considered significant.
Results
PD-1 blockade restores multiple HIV-specific CD4 T cell effector functions
To define the impact of PD-1 on effector functions mediated by HIV-specific CD4 T cells, we first examined whether PD-L1 blockade regulated the transcription and release of Th0-, Th1-, and Th2-types cytokines in vitro. We selected IL-2 as a Th0 cytokine, IFN-␥ as a Th1 cytokine, and IL-13 as a representative Th2 cytokine. IL-13 has been associated with slower disease progression 25 and shown to improve HIV-specific T-cell responses in vitro by enhancing antigen-presenting cell function of monocytes. 26 We incubated freshly isolated, CD8-depleted PBMCs from HIVinfected subjects with anti-PD-L1 or isotype control antibody in the presence of an HIV-Gag peptide pool. Kinetic analysis performed on 3 CP persons showed increased IL-2 mRNA levels as early as 4 hours after stimulation ( Figure 1A ). Whereas IL-2 mRNA levels peaked 12 hours after stimulation, a slower increase was observed for IFN-␥ and IL-13 mRNA levels. Compared with isotype control, PD-L1 blockade resulted in greater production of IL-2, IL-13, and IFN-␥ mRNA at all time points tested ( Figure 1A ). The early effect of PD-L1 blockade on cytokine transcription shows that this initial increase is not the result of proliferation ( Figure 1B ) and that anti-PD-L1 enhances effector functions of already differentiated T helper cells. This may have important implications in vivo in peripheral tissues, as PD-1 blockade could restore functions of differentiated T cells that have lost their proliferative capacity.
With a delay of a few hours relative to mRNA levels, PD-L1 blockade also enhanced IL-2 and IFN-␥ protein secretion in supernatants ( Figure 1C ). Based on kinetics of protein expression, we then used the 48-hour time point to observe the effect of blockade in 16 CP subjects. PD-L1 blockade significantly increased secretion of IL-2, IFN-␥, and IL-13 ( Figure 1E ). Consistent with data obtained by flow cytometry, 27 we did not identify HIV-specific Th17 CD4 T-cell responses in the presence of isotype control antibody, and such responses did not appear on PD-L1 blockade. Finally, transcriptional analysis showed that PD-L1 blockade increased IL-21 mRNA levels in 7 of 10 viremic subjects (supplemental Figure 1) . Thus, PD-1 blockade enhances effector functions of various CD4 T-cell subsets that are considered important components of T-cell help. (E) Statistical analysis of data on a cohort of 16 untreated subjects indicated a significant increase in IL-2 (median fold increase ϭ 2.26, P ϭ .0006) and IFN-␥ (median fold increase ϭ 2.83, P ϭ .0005) in the presence of PD-L1 blocking antibody. For IL-13 analysis, we used 12 untreated subjects (median fold increase ϭ 1.74, P ϭ .021; Wilcoxon matched-pairs test).
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Enhancement of HIV-specific CD4 T-cell function by PD-L1 blockade correlates with disease status but is also observed in most aviremic persons
We next investigated the relationship between the effect of anti-PD-L1 on cytokine secretion by HIV-specific CD4 T cells and disease stage. We performed experiments on PBMCs from subjects belonging to 3 different cohorts (CP with uncontrolled viremia, ARTC with undetectable VL on ART, and EC with spontaneous viral control). The effect of PD-L1 blockade on IL-2 and IFN-␥ secretion by HIV Gag-specific CD4 T cells was greater in CP than in ARTC and EC (Figure 2Ai-ii) . In contrast, no significant difference was observed between ARTC and EC subjects.
Our previous studies and results from others 14, 17, 18, 28 have shown that PD-L1 blockade can enhance HIV-specific CD4 T-cell proliferation. However, the categories of subjects responsive to PD-L1 blockade have not been defined. We thus performed a cross-sectional study of 45 HIV-infected persons (CP, ARTC, EC, and VC and persons with acute/early infection). Consistent with previous data, 14, 17, 18 a wide distribution in the responsiveness to PD-L1 blockade was observed (Figure 2Aiii ). In the presence of control isotype antibody and as previously reported, 29 HIV-specific CD4 T-cell proliferative responses were weaker in CP than in subjects with suppressed viral replication (data not shown), but viremic subjects also showed better response to PD-L1 blockade, (Di) PD-1 expression on HIV-specific CD4 T cells from CP (n ϭ 18), ARTC (n ϭ 14), VC (n ϭ 6), EC (n ϭ 15), and acutely infected subjects (ACUTE; n ϭ 5; Kruskall Wallis test, followed by Dunn post-test for paired comparisons). (Dii-iii) Statistical analysis of the correlation of the PD-1 mean fluorescence intensity on the HIV-specific CD4 T cells with the VL and CD4 count. Statistical analysis used the Spearman rank sum test. Symbols for values: *P Ͻ .0; **P Ͻ .01; ***P Ͻ .001.
consistent with the results we observed for cytokine secretion by HIV-specific CD4 T cells. However, in contrast to the reliable effect of PD-L1 observed on IFN-␥ secretion, some CP subjects did not respond to PD-L1 blockade in the proliferation assay, and the differences among chronically infected groups did not reach statistical significance. Persons with acute/early HIV infection presented robust enhancement of HIV-specific CD4 T-cell responses on PD-L1 blockade. Again in contrast with the cytokine data, none of the subjects with undetectable viremia (ARTC and EC) showed a robust improvement in HIV-specific CD4 T-cell proliferative capacity on anti-PD-L1 blockade.
The effect of PD-L1 blockade on IFN-␥ secretion by HIV-specific CD4 T cells correlated positively with VL ( Figure 2Ci ) and negatively with CD4 count (Figure 2Bi) . Similarly, the effect of PD-L1 blockade on IL-2 secretion showed a negative correlation to CD4 counts ( Figure   2Bii ). However, we did not observe a correlation between the effect of PD-L1 on IL-2 secretion and viremia (Figure 2Cii) . We also found a positive correlation between VL and enhanced HIV-specific CD4 T-cell proliferation after PD-L1 blockade (Figure 2Ciii ), but no correlation was found with CD4 count (Figure 2Biii) . Therefore, data on CD4 T-cell proliferation show both similarities and differences with cytokine secretion, which suggests that restoration of cytokine and T-cell proliferation may affect different CD4 T-cell subpopulations.
PD-1 expression correlates with markers of disease progression but does not differ between spontaneous and ART-induced control of viremia
Because PD-L1 blockade experiments had the strongest impact in viremic subjects, we determined PD-1 expression on HIV-specific (Figure 2Di ). Using HIV class II tetramers, we first demonstrated that PD-1 was expressed on HIV-specific CD4 T cells and did not change during the first 6 hours after stimulation (supplemental Figure 2) . In addition, there was no significant difference between PD-1 levels on cells examined by ICS after 6 hours compared with overnight incubation (data not shown). Thus, measurement of PD-1 by ICS is representative of PD-1 expression before encounter with the cognate antigen. Levels of PD-1 expression on IFN-␥-producing HIV-specific CD4 T cells significantly differed among groups (Figure 2Di ). HIV-specific IFN-␥ ϩ CD4 T cells from EC and ARTC subjects expressed similar levels of PD-1 that were lower than those observed in VC and CP. The expression of PD-1 on HIV-specific CD4 T cells was found to be highest in acutely infected subjects. Similar patterns of PD-1 were observed on IL-2 ϩ Gag-specific CD4 T cells, although virus-specific CD4 T cells producing only IL-2 expressed less PD-1 than cells producing both IL-2 and IFN-␥ or IFN-␥ alone (supplemental Figure 3 ). We next assessed the relationship between PD-1 levels and differentiation stage (supplemental Figure 4) . We observed that within both the central memory (CM, CD27 ϩ CD45RA Ϫ ) and effector memory (EM, CD27 Ϫ CD45RA Ϫ ) HIVspecific IFN-␥ ϩ CD4 T-cell subsets, CP expressed higher levels of PD-1 than ARTC and EC subjects. In each cohort, EM cells expressed more PD-1 than CM cells. These data are consistent with the fact that PD-1 expression is also related to memory maturation of T cells. In contrast, there was no significant difference among the 5 groups for CMV-specific CD4 T-cell responses, apart from a small difference between CP and ARTC persons (data not shown), showing that these differences are HIV-specific. PD-1 expression on HIV-specific CD4 T cells showed a strong positive correlation with VL and a negative correlation with CD4 counts (Figure  2Dii-iii) . As expression of PD ligands will probably also affect responsiveness to PD-1 blockade, we determined expression of PD-L1 on various PBMC subsets (supplemental Figure 5) . Whereas monocytes and B cells expressed far more PD-L1 than the other subsets investigated, we did not find statistically significant differences among the cohorts investigated.
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Blockade of the PD-1 pathway enhances cytokine secretion by both proliferating and nonproliferating HIV-specific CD4 T cells
Two important issues raised by these results are whether (1) early proliferation contributes to the enhanced cytokine secretion we observed on PD-L1 blockade and (2) CD4 T-cell subpopulations responding to PD-L1 blockade by increased cytokine secretion are the same or distinct from the ones undergoing enhanced expansion. We therefore optimized an assay combining CFSE and ICS techniques and used it to determine the kinetics of HIV-specific CD4 T-cell responses ( Figure 3A-B) . A first cycle of cell division was visible at 96 hours after Gag stimulation ( Figure 3B ) but was not yet detectable at the 48-and 72-hour time points. These data were confirmed in a group of 5 persons ( Figure 3B ). Further expansion of HIV-specific CD4 T cells occurred beyond 96 hours, as shown by the 168-hour time point in a representative person ( Figure 3B ). To rule out that the CFSE assays missed the first cycle of proliferation, we confirmed these data with an Edu (5-ethynyl-2Ј-deoxyuridine) incorporation assay (supplemental Figure 6 ): increased DNA synthesis in dividing HIV-specific CD4 T cells was present 72 hours after stimulation, one day before detection of cell division by CFSE assays. These data demonstrate that no significant proliferation of HIV-specific CD4 T cells has yet occurred at the 48-hour time point used to determine the impact of PD-L1 blockade on cytokine secretion. We then used the 96-hour time point to compare the impact of PD-L1 blockade on dividing and nondividing cells. In all 5 persons studied, PD-L1 blockade increased the frequency of IFN-␥-secreting HIV-specific CD4 T cells in both nondividing (CFSE high ) and dividing (CFSE low ) cells ( Figure 3C ). As PD-1 is known to decrease cell survival, 30 we measured cell numbers, expression of active caspase 3, and fraction of dead cells as defined by staining with dead cell dye at different time points. These parameters were not significantly affected by PD-L1 blockade (supplemental Figure 7) .
PD-L1 blockade affects CD4 T-cell subsets expressing different levels of PD-1
The tight correlation between PD-1 expression levels and viremia ( Figure 2D ) contrasted with the weaker correlation we observed between VL and responsiveness to PD-L1 blockade in functional assays. Adoptive transfer experiments in the LCMV model 30 demonstrated that virus-specific CTL subsets expressing intermediate levels of PD-1 responded better to PD-L1 blockade than terminally differentiated, PD-1 high CTLs. To determine whether, within the same person, HIV-specific CD4 T cells expressing different levels of PD-1 responded differentially to PD-L1 blockade, we stimulated PBMCs with HIV Gag in the presence or absence of PD-L1 blockade, sorted CD4 T cells into 3 subsets HIV-SPECIFIC CD4 TO PD-1 BLOCKADE 971 BLOOD, 28 JULY 2011 ⅐ VOLUME 118, NUMBER 4
For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From according to level of PD-1 expression, and measured cytokine secretion in supernatants ( Figure 4A ). In all 3 subjects investigated ( Figure 4B-D) , we observed that the main cytokine-secreting population was the PD-1 high subset, consistent with the fact that this subset was enriched in HIV-specific CD4 T cells. The effect of PD-L1 blockade was not limited to the PD-1 intermediate population but also seen in the PD-1 high subset. These data suggest that, at least for some functions, the putatively more exhausted cells PD-1 high cells can still be revived by inhibition of PD-1 signaling.
HIV specific CD4 and CD8 T cells show different patterns of inhibitory coreceptor expression
The robust restoration of functions of PD-1 high HIV-specific CD4 T cell we observed differed from what was previously reported for PD-1 high CTL in the LCMV model. 30 Progressive accumulation of inhibitory molecules, such as 2B4, LAG-3, and CD160 on exhausted CTLs 31 increases their dysfunction and probably contributes to the poor responsiveness of LCMV-specific PD-1 high CTL to PD-L1 blockade. Thus, a question raised by our data is whether PD-1 high HIV-specific CD4 and CD8 T cells differ in their pattern of inhibitory molecules. We used ICS to determine the expression of PD-1, 2B4, LAG-3, and CD160 on HIV-specific IFN-␥ ϩ CD4 and CD8 T cells of 9 CP persons. The results indicated that HIVspecific CD4 T cells had a markedly different expression profile compared with HIV-specific CD8 T cells ( Figure 5A-B) . The majority of IFN-␥ ϩ HIV-specific CD4 T cells expressed PD-1, but not 2B4, CD160, or LAG-3, whereas they expressed high levels of CTLA-4, consistent with our previous studies 18 (supplemental Figure 8) . Interestingly, 2B4 was detectable almost exclusively coexpressed with PD-1 and CTLA-4. In contrast, the majority of HIV-specific CTLs expressed 2B4 and PD-1, and a significant fraction also expressed CD160 ( Figure 5B ). Only a small percentage of HIV-specific T cells expressed LAG-3. When we focused the analysis on PD-1 high HIV-specific T cells, we found again significant differences between the CD4 and CD8 T cells ( Figure 5C ). We did not find significant differences in the fractions of CD160 ϩ and 2B4 ϩ IFN-␥ ϩ cells between the PD-1 intermediate and PD-1 high HIVspecific CD4 and CD8 T cells (supplemental Figure 9) . The percentage of CD160 ϩ 2B4 ϩ IFN-␥ ϩ CD8 T cells was greater in PD-1 high HIV-specific CD8 T cells compared with HIV-specific CD4 T cells ( Figure 5D ).
To determine whether these patterns were virus-specific, we compared the phenotypes of HIV-specific and CMV-specific T cells in the same persons. HIV-specific and CMV-specific CD4 T-cell responses presented fairly similar patterns of coinhibitors dominated by PD-1 expression (Figure 5E ), although the fraction of PD-1 ϩ cells was lower on the CMV-specific than the HIV-specific CD4 T cells. In contrast, we observed striking differences for CTL responses, with lower percentages of PD-1 ϩ , 2B4 ϩ , and CD160 ϩ CMV-specific CTLs compared with HIV-specific CTLs. Combinatorial analyses by boolean gating showed that, although 2B4 is usually coexpressed with PD-1 on HIV-specific CTLs, a large fraction of the CMV-specific CTLs express only 2B4 (supplemental Figure 10 ). These data indicate that CD4 and CD8 T cells specific for chronic viral infections are governed by complex patterns of inhibitory molecules that differ between these 2 arms of the immune response. Mechanisms of CD4 T-cell exhaustion cannot be simply inferred from those of CTL impairment and need to be investigated in separate studies.
Discussion
Our data demonstrate that multiple effector functions of HIVspecific CD4 T cells are inhibited by PD-1 and can be restored by PD-L1 blockade. Whereas previous studies had shown that proliferation of HIV-specific CD4 T cells could be enhanced by anti-PD-L1, our findings clarify the role of PD-1 in impaired cytokine secretion by exhausted T helper cell subsets, including Th0 (IL-2), Th1 (IFN-␥), Th2 (IL-13), and IL-21, a cytokine preferentially produced by follicular (T FH ) helper cells that is crucial for CD4 help to CTL in the murine LCMV model 32, 33 and probably also plays an important role in HIV infection. [34] [35] [36] Measurements of transcription by quantitative RT-PCR and protein secretion in culture supernatants by bead arrays proved to be sensitive and specific tools to assess the impact of PD-L1 blockade on production of these cytokines. This contrasts with the lack of significant effect observed by us and others with 6-or 12-hour ICS assays. 14, 15, 17 The increased cytokine secretion previously detected on PD-L1 blockade after a 6-day incubation 13, 14 did not establish whether this effect was only the result of cell proliferation and the subsequent increased number of specific T cells. Our data provide evidence that PD-L1 blockade enhances cytokine secretion before T cells divide. First, kinetic analysis of IFN␥, IL-2, and IL-13 levels showed that anti-PD-L1 increased cytokine transcription Ͻ 12 hours and protein secretion Ͻ 24 hours after stimulation of HIV-specific CD4 T cells. Second, combined CFSE and ICS assays showed that IFN-␥ secretion by HIV-specific CD4 T was enhanced on PD-L1 blockade in both the nondividing and dividing populations. Third, Edu incorporation assays confirmed that no quantitatively significant proliferation occurred during the first 2 days after stimulation, whereas our cytokine measurements were performed at 48 hours. These results demonstrate that anti-PD-L1 can restore secretion of an array of cytokines by differentiated HIV-specific T helper cells independently of cell proliferation.
Restoration of cytokine secretion by HIV-specific CD4 T cells correlated with viremia but was also observed in most HIV-infected persons with undetectable VL (ARTC and EC). As levels of PD-1 and its ligands are higher in lymphoid tissues than in peripheral blood, 17, 37 the activity of the PD-1 pathway in other compartments may be stronger than shown by our experiments on PBMCs and will need to be determined in further studies. Whereas the impact of PD-L1 blockade on IL-2 is well documented, 38 the observed effect of PD-L1 blockade on other cytokines is more intriguing. To our knowledge, there is no evidence of a direct modulation of IFN-␥, IL-13, or IL-21 transcription, translation, or release by PD-1. Although limited experiments did not show evidence of reduced apoptosis on PD-L1 blockade, further studies are needed to define the potential role of enhanced cell survival. Whereas several studies have assessed IFN-␥ and IL-2 secretion by HIV-specific CD4 T cells, less is known on the impact of IL-13 and IL-21 in HIV pathogenesis. IL-13 promotes humoral responses and augments expression of integrins on monocytes/macrophages under physiologic conditions. 39 In HIV infection, higher IL-13 secretion was associated with lower viremia. 25 IL-13 improved antigen presentation in vitro 40 and enhanced proliferative T-cell responses against HIV p24. 26 Of particular interest is the increased production of IL-21 on PD-L1 blockade. IL-21 plays a crucial role in maintaining CD8 T-cell function 41 and regulating B-cell differentiation. 42, 43 Recent studies found that higher serum IL-21 levels 34,44 and IL-21 production by HIV-specific CD4 T cells 35, 36 were associated with better viral control. Addition of IL-21 to PBMCs restored suppression of viral replication by HIV-specific CTLs. 35 Thus, blockade of the PD-1 pathway enhances the secretion of cytokines that may be important for viral control.
Although previous studies by our group and others have demonstrated that PD-L1 blockade can restore HIV-specific CD4 T-cell proliferation, the heterogeneity of the responses and the limited size of the cohorts precluded the identification of patterns among different disease stages. We show here, that although PD-L1 blockade enhances cytokine secretion in the large majority of viremic persons, a significant fraction of subjects with uncontrolled VL failed to respond to inhibition of the PD-1 signal by increased proliferation. This discrepancy is at least in part explained by our finding that these functions are mediated by partially different CD4 T-cell subsets.
In line with previous studies, 17 we found that HIV-specific CD4 T cells from CP expressed more PD-1 than those of ARTC subjects, which is consistent with a higher activity of the PD-1 pathway in subjects with high antigen load. PD-1 levels on HIV-specific CD4 T cells correlate with viremia and do not discriminate between spontaneous and ART-induced viral control, in contrast to what we previously showed for CTLA-4. 18 The majority of the HIV-specific CD4 T cells in all cohorts express PD-1. Thus PD-1 expression is not restricted to exhausted T cells in humans. 45, 46 Additional studies will be necessary to determine whether the PD-1 has significant activity on virus-specific T cells in vivo once viral replication is suppressed by therapy.
Our data show that higher viremia is associated with increased PD-1 expression on HIV-specific CD4 T cells, and greater impact of PD-L1 blockade. Whether this correlation is explained by the PD-1 levels on T cells or defined by other factors, including ligand availability on antigen-presenting cells, remains to be better defined. The levels of PD-L1 expression on B cells and monocytes were similar among the cohorts investigated. An additional factor that may contribute to the effects observed is the use of an anti-PD-L1 and not an anti-PD-1 blocking antibody, thus also abrogating the PD-L1-CD80 interaction. 47 The cytokine secretion assays on CD4 T-cell subsets sorted according to PD-1 levels suggest that CD4 T cells with a wide range of PD-1 expression are responsive to PD-L1 blockade. Although these results seem to differ from data in the LCMV model showing a preferential rescue of PD-1 intermediate virus-specific CTLs, but not of more exhausted, terminally differentiated PD-1 high cells, 30 several factors may explain this discrepancy: (1) the experimental models are different; (2) persistent viruses may lead to different patterns of T-cell exhaustion; (3) PD-L1 blockade could differentially affect cytokine secretion and other T-cell functions; and (4) CD4 and CD8 T cells may be governed by different mechanisms of T-cell exhaustion, which could in turn affect the responsiveness of these subsets to blockade of the PD-1 pathway alone.
To explore this last hypothesis, we phenotyped HIV-specific CD4 and CD8 T cells and compared expression of PD-1 and the coinhibitory molecules 2B4, CD160, and LAG-3, which have been shown to regulate CTL exhaustion in the LCMV model. 31, 48 We found that there was a good correlation between PD-1 expression on HIV-specific CD4 T cells and PD-1 expression on HIV-specific CTLs but that levels of PD-1 quantitated by mean fluorescence intensity was 2.5-fold higher on HIV-specific CD4 than CD8 T cells, indicating some differential regulation of PD-1 between the 2 subsets. In contrast to this modest difference in PD-1 expression, we observed strikingly lower expression of 2B4 and CD160 on HIV Gag-specific CD4 T cells than on HIV-Gag-specific CTLs within the same subjects. Our data are in agreement with recent studies showing that HIV-and HCV-specific CD8 T cells express mainly PD-1, 2B4, and CD160 but not the LAG-3 receptor. 49, 50 Consistent with our previous data, 18 CTLA-4 was preferentially expressed by HIV-specific CD4 T cells, and the minority of HIV-specific CD4 T cells expressing 2B4 did so along with CTLA-4 and PD-1. Our results illustrate that, although HIVspecific CD4 and CD8 T cells share some mechanisms of exhaustion, they are also governed by different subsets of inhibitory receptors, and restoration of their respective functions may require subset-specific immune interventions.
In these studies, we have therefore defined in different categories of HIV-infected subjects the potential of PD-L1 blockade to restore functions of several HIV-specific T helper subsets, an arm of the immune system that is impaired early in the course of HIV infection and provides critical help to CTL and B cells. Although the magnitude of the effect seems relatively modest in the assays used (typically in the 2-fold range for a given function), this is comparable to results obtained in LCMV and SIV models in which PD-1 blockade in vivo had significant impact on immune responses and/or VLs. 3, 7 The impact on effector functions may be critical for the therapeutic potential of immune interventions blocking the PD-1 pathway, as they could enhance efficacy of tissue-infiltrating T cells lacking proliferative potential. Our results support the rationale for careful assessment of immunotherapeutic strategies targeting the PD-1 pathway in HIV infection. To mimic the situation of HIV-infected persons receiving optimal care, we think that a critical next step will be to determine in an animal model whether PD-1 blockade, possibly as a vaccine adjuvant, 4 has a positive impact on immune responses when administered after control of viremia by antiviral therapy.
